Based on the wealth of multiwavelength imaging data from the SDSS, we investigate whether dwarf and giant early-type galaxies in the Virgo cluster follow a continuum in their structural parameters and their stellar population characteristics. More specifically we study the relation between size and brightness for the galaxies and their color magnitude relation. In both cases, we find noticeable deviations from a simple joint behavior of dwarfs and giants. We discuss these findings in the light of the different formation mechanisms commonly assumed for dwarf and giant early types, thereby taking into account the existence of several distinct early-type dwarf subclasses. By comparing our results to a semianalytic model of galaxy formation, we argue that the analyzed relations might be reproduced by processes that form dwarfs and giants altogether. The work presented here is based on Janz & Lisker
Introduction
Early-type dwarf (dE) galaxies are commonly expected to play a key role in understanding galaxy cluster evolution. Their importance is given by their abundances -they outnumber all other galaxy types in dense cluster environments by far -and the fact that they provide not too massive, not too dense test particles to probe processes that let the cluster environment alter the appearance of galaxies. At the same time, dEs are predicted to form in models of a ΛCDM universe as the descendants of building blocks in hierarchical structure formation and to be in that sense close relatives to their giant counterparts, sharing a cosmological origin. A better understanding of dEs is therefore not only linked to our knowledge of formation and evolution of galaxy clusters but also of structure formation itself.
Once believed to be systems of simple appearance and well-defined properties, dEs were recently shown to exhibit a puzzling variety among their structures and stellar populations (see e.g. T. Lisker, this issue). This diversity opens the door widely for different formation scenarios. And indeed there are different suggestions, for example the transformation of other galaxy types by the cluster environment via ram pressure stripping or harassment, which are partly able to explain the appearance of dEs and also reproduce with some successes fundamental scaling relations of early-type galaxies. But still today, it remains an open question to what extent these different processes play a role and whether some ⋆ Fellow of the Gottlieb Daimler and Karl Benz Foundation. ⋆⋆ e-mail: jjanz@ari.uni-heidelberg.de of the early-type dwarf galaxies share the same origin and formation mechanisms with their more massive relatives.
The above mentioned scaling relations have ever been an important tool not only to study galaxy properties but also to link those properties to their formation and evolution, and thus to answer the question. Very well studied examples are the relations between surface brightness and size ("Kormendy relation", Kormendy 1985) , between surface brightness and luminosity (e.g. Binggeli & Cameron 1991) . In combination with velocity dispersion, the FaberJackson relation (Faber & Jackson, 1976) and the extension to the Fundamental Plane (Dressler et al. 1987 , Djorgovski & Davis 1987 became famous. Every time these relations were analyzed for dwarfs and giants in conjunction, it was discussed, whether or not they show a common behavior and what causes it. Any dwarf formation scenario has to reproduce the observationally found relations. Additionally to these morphological and kinematical relations, the color magnitude relation (CMR), connecting the global parameter total brightness of a galaxy to its stellar population, was extensively studied, e.g. Baum (1959); Bower et al. (1992); Faber (1973) ; Sandage & Visvanathan (1978a,b) ; Visvanathan & Sandage (1977) . The CMR is typically explained by an increase of mean stellar metallicity (and age; see e.g. Gavazzi et al. 2002) with increasing galaxy mass as the dominant effect. The common underlying idea is that more massive galaxies have deeper potential wells, which can retain metal-enriched stellar ejecta more effectively and subsequently recycle the enriched gas into new stars (Chang et al., 2006; Ferreras et al., 1999; Gallazzi et al., 2006; Kodama & Arimoto, 1997) . Also here it was explored whether and, if so, how much these processes shape the CMR of giants and dwarfs in a similar way.
We made use of a very homogenous data set of the early types in the Virgo cluster to investigate these questions via the scaling relation of size and brightness (which is a relative to the aforementioned morphological scaling relations) and the color magnitude relation (Janz & Lisker, 2008 , 2009 ).
Sample Selection and Imaging Data
Our sample is based on the Virgo Cluster Catalog (VCC; Binggeli et al. 1985) . All early-type galaxies therein with a certain cluster member status and m B < 18.0 mag are taken into account, which is the same magnitude limit up to which the VCC was found to be complete. This translates into M B < −13.09 mag with our adopted distance modulus of m-M=31.09 mag (d=16.5 Mpc, Mei et al. 2007) .
Uncertain classifications are treated as follows: galaxies listed as "S0:", "E/S0", "S0/Sa", and "SB0/SBa" are taken as S0, and one S0 (VCC1902) is excluded, since it shows clear spiral arm structure. For the dwarfs, we selected galaxies classified as dE, dS0, and "dE:", whereas "dE/Im" as well as possible irregulars based on visual inspection are excluded (Lisker et al., 2007) . We exclude 37 galaxies for the following reasons: the Petrosian aperture (see below) could not be obtained, the objects were too strongly contaminated by the light of close neighbour objects, or the S/N in either the u or the z band was too low. Our working sample thus consists of 468 galaxies.
The Sloan Digital Sky Survey (SDSS) Data Release Five (DR5) (Adelman-McCarthy et al., 2007) covers all but six early-type dwarf galaxies of the VCC. Since the quality of sky level subtraction of the SDSS pipeline is insufficient, we use sky-subtracted images as provided by Lisker et al. (2007) , based on a careful subtraction method. The images were flux-calibrated and corrected for galactic extinction (Schlegel et al., 1998) .
For each galaxy, we determined a "Petrosian semimajor axis" a p (Petrosian, 1976) , i.e. we use ellipses instead of circles in the calculation of the Petrosian radius (see, e.g., Lotz et al. 2004 ). The total flux in the r-band was measured within 2a p , yielding a value for the half-light semimajor axis (SMA), a hl,r,uncorr . This Petrosian aperture still misses some flux, which is of particular relevance for the giant galaxies (Trujillo et al., 2001) . The brightness and the half-light SMA were corrected for this missing flux according to Graham et al. (2005) . Axial ratio and position angle were then determined through an isophotal fit at 2a hl,r . The effective radius is then given by r eff = a hl,r b/a with the axis ratio b/a. Additionally we fitted Sérsic profiles to the radial intensity profiles, keeping half light radius fixed and using an implementation of the nonlinear least-squares Levenberg-Marquardt algorithm. For the fits we used the intensities at r/a hl,r = 2
x with x = −2 + j/4
and j = 0, . . . , 16. We omitted intensities at radii r < 2 ′′ in order to avoid seeing effects.
Colors were measured within the elliptical r-band halflight aperture for each filter. Errors were estimated from the S/N and calibration uncertainties (which we estimate to have a relative effect of 0.01 mag in each band, which is smaller than the absolute values given by SDSS), as described in .
3 Sizes of early-type galaxies
Introduction
The scaling relation of size and brightness of early types was not as widely studied as its relatives, like the Kormendy relation and the relation between brightness and effective surface brightness. Studies of the sizes, for example, are : Bender et al. (1992) ; Guzman et al. (1993) ; Kormendy (1977) , and for the Virgo Cluster in particular by Binggeli & Cameron (1991) for dwarfs and by Caon et al. (1993) for giants. But all of them share a similar history: Early studies until the 1990's came to the conclusion that giant and dwarf early-type galaxies show a distinct behavior in the scalings such as the relation between size and brightness. The dwarfs were seen to show less change of size with luminosity than the giants. This together with the other scaling relations was interpreted as evidence for a different origin of dwarf and giant early-type galaxies.
Towards the turn of the millenium, however, it became more widely realized that the light profile shapes of early types vary continuously with luminosity. Neither do dwarf galaxies simply follow exponential profiles, nor do all giants exhibit de Vaucouleurs profiles. Instead, all early types are well described by the generalized Sérsic profile (Sérsic, 1963) with different Sérsic indices n (Ferrarese et al., 2006; Young & Currie, 1994) . Several authors reasoned that the scaling relations naturally follow what is predicted by n changing linearly with magnitude, and that all these galaxies can indeed be of the same kind (Jerjen & Binggeli 1997; Binggeli & Jerjen 1998; Graham & Guzmán 2003; Gavazzi et al. 2005) . In Janz & Lisker (2008) we studied the size brightness relation of early types in Virgo and analyzed it in the light of a continuous variation of profile shapes.
Results
In Fig. 1 (bottom panel) we present the size luminosity diagram for our sample. At first glance the sequence from dwarf to giant early-type galaxies does not look very continuous: the giants follow a steep relation with a well-defined edge on the bright end of their distribution. The bunch of dwarfs apparently lie with a larger scatter around an effective radius of r eff = 1 kpc, their sizes showing weak to no dependence on luminosity.
A similar impression can also be obtained from other previous studies, e.g. Binggeli & Cameron 1991, Fig. 1b ; Table 1 ; Kormendy et al. 2009, Fig. 37 . It is, however, not as clearly seen in the compilation of sizes of elliptical galaxies from several different studies presented by Graham & Worley (2008) (Fig. 10) . In this more heterogeneous data set, the relative number of small low-luminosity giants as well as that of large bright dwarfs appears to be somewhat smaller.
Varying profile shapes ? Graham & Guzmán (2003) suggested that the apparent dichotomy between dwarfs and giants in scaling relations can be explained just by the fact that the profile shape of a galaxy scales with magnitude. They describe the light profiles with Sérsic profiles and show the effect of a linear relation between magnitude and logarithm of the Sérsic index n on the other scaling relations. As a result, the dependence of effective radius on magnitude becomes stronger at higher luminosities and the brightest galaxies are naturally larger (Fig. 11 in Graham & Worley 2008) .
For investigating whether our galaxies display the predicted behavior, we use the Sérsic indices n and central surface brightnesses µ 0 to obtain linear fits to the µ 0 /M r and n/M r relations, using a least squares fitting algorithm (Fig. 1, top panels) . For those fits we exclude systems with a (probable) disk component, namely galaxies classified as S0, dEs with disk features (Lisker et al., 2006a) , and dEs with blue centers (Lisker et al., 2006b) . This is to ensure that the light profiles can be well parametrized by Sérsic profiles. Our fits (Fig. 1, top panels) together with equation (16) of Graham & Worley (2008) predict a non-linear sequence in the r eff /M r diagram. The predicted relation is shown together with the observed galaxies in the bottom panel of Fig. 1 . With the visual guidance of the line, it appears more likely that the data points follow one common continuous relation. And the gross trend in the diagram can indeed be explained by varying profile shapes. However, at luminosities brightwards of the transition between dwarfs and giants, a substantial amount of galaxies fall below the relation, while faintwards most of the dwarfs lie above it.
As we showed in Janz & Lisker (2008) this finding holds also if all objects with signs of disk components are omitted in order to have a purer sample of dynamically hot systems not biased by systems with more complex kinematics. Furthermore, we analyzed the deviations statistically and found significance (Fig. 2 therein) . We will discuss the implications in Sect. 5 and Sect. 6.
Our analysis showed two things. First, the distribution of data points does not resemble a quite large random scatter around the relation. And therefore the size luminosity relation can not be fully explained by varying profile shapes. Second, the abrupt change in the behavior of faint and bright galaxies is even emphasized through the above examination, and this break is a real discontinuity of the sequence from lowest to highest luminosities.
Color magnitude relation

Introduction
From early on, it was discussed whether the universality of the CMR also holds over the whole range of galaxy masses, i.e. whether dwarf and giant early-type galaxies follow the same CMR. Studies of different clusters show consistency with one common CMR for dwarfs and giants, albeit with a significant increase in the scatter at low luminosities (Secker et al. 1997 
Result
We showed the CMRs for four different representative colors in Janz & Lisker (2009 Filled circles show our sample's galaxies. The gray line indicates the "running histogram" as found in successive magnitude bins with a width of 1 mag and steps of 0.25 mag, clipped one time at 3σ. We limit the drawing range for the line to the region with at least three galaxies in a bin. The white histograms show the distributions in bins of the same width, normalized to the square root of the number of galaxies in the bin, shown for every fourth step. The white errorbars indicate typical photometric errors at the respective brightness. In the panel right to the color magnitude diagram a measure for the intrinsic scatter is given by the RMS difference δ of the observed scatter and the photometric error (see text) in continuous bins. CMR in u − z, the color with the longest wavelength baseline available to SDSS. It looks remarkably similar to the CMRs in the other colors ( Fig. 1 in Janz & Lisker 2009 ).
First of all, the impression one can get by examining just the black points in Fig. 2 is that there is not one common linear relation from the faint to the bright galaxies.The overall shape appears more like "S" shaped. The brightest (M r < −21) galaxies have almost constant color, i.e. no correlation between color and brightness; the very brightest galaxies show a larger scatter. These were reported before to be morphologically different from the other galaxies in more detailed studies of the inner light profiles (e.g. Ferrarese et al. 2006; Kormendy et al. 2009; Lauer et al. 2007; Ravindranath et al. 2001; Trujillo et al. 2004 ). For the remaining galaxies several descriptions seem to be plausible, ranging from just an offset between two relations with similar slopes up to a curved relation.
With the non-linear shape, it seems not very favorable to fit a straight line. This would not describe the data well, and there is no theoretical prediction what other function is expected. So at first, we want to make the overall shape more clearly visible, using continous, overlapping magnitude bins, in which mean and scatter are calculated. In Fig. 2 these derived relations are shown with grey lines. The first impression is confirmed: one common linear relation for dwarfs and giants cannot be seen. Moreover, the white histograms showing the galaxy distributions in the bins are clearly peaked towards the bright and the faint end, while they are rather flat at intermediate luminosity.
The scatter about the relation is greatly influenced by increasing photometric errors towards faint brightness. In order to measure the intrinsic scatter, we calculate the RMS of the scatter around the mean in running bins (clipping one time at 3σ) and subtract the RMS of the photometric errors
with color c and mean color c , averaging over the galaxies in the respective bin. Here we exclude dEs with blue cores, since they are known to have different colors ). This RMS difference should be zero if the scatter is only due to the measurement errors and larger if there is an intrinsic scatter. In Fig. 2 we show the CMR along with the RMS difference δ. Indeed, the RMS difference is enhanced for the dwarfs and peaks around M r ≈ −18, indicating an intrinsically increased scatter, consistent with the increased intrinsic scatter for dwarfs found by Secker et al. (1997) in the Coma cluster. One can argue about the significance of the RMS difference increase for the brightest galaxies, since it is just a handful of them -nevertheless, this larger scatter might be related to the absence of a well-defined CMR at the brightest magnitudes.
Comparison to a Semi-Analytic Model
Dark-halo merger trees of a high resolution N -body simulation of ΛCDM structure formation were taken as input for a semi-analytic model (SAM) of the physical processes governing galaxy formation and evolution in order to produce the Numerical Galaxy Catalog (Nagashima et al., 2005) . In particular, the dynamical response to starburst-induced gas removal after gas-rich mergers (also for cases intermediate between a purely baryonic cloud and a baryonic cloud fully supported by surrounding dark matter as in Yoshii & Arimoto 1987) were taken into account. This process plays a crucial role for the sizes of early-type dwarf galaxies, since the subsequent variation of the potential results in an increase in size.
We identify model galaxies as early-type galaxies if they are bulge dominated (bulge to total ratio > 0.6). To compare our data with the model we transformed SDSS g magnitudes into B according to Smith et al. (2002) , using the galaxies' g − r color measured within a hl,r . B-V was obtained likewise. In Fig. 3 one can see how the model galaxies compare with our observed Virgo early types. In the left panel Fig. 3 Comparison to the semianalytic model by Nagashima et al. (2005) . In grayscales (on a logarithmic scale) the distribution of model galaxies is shown. Model galaxies with fainter surface brightnesses than a limit of µ B < 25.5 mag/arcsec 2 are excluded. the comparison is displayed for the size brightness relation. The model galaxies show a bimodality similar to what we observe, with low galaxy density between the two regions. Note that Nagashima et al. assume de Vaucouleurs profiles to calculate projected half-light radii from half-mass radii. For exponential profiles, which would be more appropriate for dwarfs, the model galaxies would shift upwards in the diagram by 0.11 dex (Nagashima & Yoshii, 2003 ).
In the model, a starburst follows in those dwarfs that form by gas-rich major mergers and the dwarfs are enlarged by the dynamic response to the subsequent gas loss. This mechanism is not at work in gas-deficient mergers, and the resulting galaxies stay smaller. Note, though, that this appears to be in contrast with the SAM of Khochfar & Silk (2006) , where gas-rich mergers lead to more compact earlytype galaxies than gas-poor mergers.
In the right panel of Fig. 3 the comparison is displayed for the CMR. The shapes of the distribution of Virgo galaxies and the model CMR are indeed not well represented by linear relations. Both the CMR and the relation between size and brightness do not show a linear, nor one common behaviour of dwarfs and giants. Nevertheless, it needs to be emphasized that there is a qualitative similarity in the shapes of observed and model CMR, in the sense that both show a similar bend at intermediate luminosities. This is noteworthy, since in the framework of the SAM, both dwarf and giants form by the same physical processes, which govern ΛCDM structure formation, and thus both can be of cosmological origin (see also Chilingarian 2009 ).
Beside the similarity in the overall shape, an offset is observed. This offset could partly be due to uncertainties of the adopted synthetic stellar population model. Furthermore, the relative number of bright galaxies exceeds the observed one and the luminosity function is clearly different, which could possibly be explained with model input physics.
Discussion
We studied two scaling relations of the Virgo cluster earlytype galaxies, based on model-independent size measurements from SDSS imaging data. In both, the relation of size and brightness and the CMR, we find noticeable unsteadinesses between dwarfs and giants. In the former relation dwarfs do not fall on the extension of the rather steep sequence of the giants. While the gross trend in the size luminosity relation can be explained by light profile shapes becoming steeper for more luminous galaxies, a closer look reveals a statistically significant distinctness in the behaviour of faint and bright galaxies. The CMR is continuous over the whole range. Yet the observed change in slope and the variation of the scatter might hint at more complex reasons for this particular behavior than what might be naively expected from having one common origin, with the very same processes shaping the CMR in the same way.
But with the comparison to the semianalytic model (notwithstanding our rather crude way of selecting early types in the SAM) we show that neither of the two findings necessarily implies a formation by substantially distinct prowww.an-journal.org cesses. Instead, the qualitatively similar distributions of the model galaxies in the two scaling relations might hint at a formation in a cosmological context for the dwarf galaxies, hence an origin common to the giant ellipticals. This is in accordance with previous claims of no distinction between them (Ferrarese et al. 2006; Gavazzi et al. 2005; Graham & Guzmán 2003; Misgeld et al. 2008) .
It must be mentioned that different approaches can also successfully explain the dwarf behavior. For example, ram pressure stripping can reproduce the radius brightness relation (Boselli et al. 2008 , see also A. Boselli, this issue). Given the newly appreciated diversity of dwarf appearances we see that as an advantage rather than a shortcoming.
For future studies, the following procedure seems promising: Both relations seem to be related in one or the other way with the galaxies' dynamics. Bernardi et al. (2005) concluded that the CMR is a result of two more fundamental relations: the Faber-Jackson relation and a relation between color and velocity dispersion. Given the slope change of the Faber-Jackson relation from giants to dwarfs (de Rijcke et al., 2005; Matković & Guzmán, 2005 ) a change of slope of the CMR would actually be expected. And in the semianalytic model the sizes are strongly influenced by the dynamic feedback. In the model's context this should be closely related to the internal dynamics of the galaxies. Therefore it is desirable to obtain central velocity dispersions and kinematics for early-type dwarfs in greater numbers.
